Background and Purpose: Microaneurysms and fibrinoid necrosis of cerebral cortical arteries have been reported to be related to the pathogenesis of intracerebral hemorrhage associated with cerebral amyloid angiopathy. To elucidate the pathogenesis of such vascular lesions, we conducted the present study.
fibrinoid necrosis was seen in the brains of patients with CAA and hemorrhage (12 of the 17 brains) but not in those without hemorrhage. These data indicate that the development of such vascular lesions in the brains of patients with CAA would at least in part contribute to the pathogenesis of the intracerebral hemorrhage.
The development of microaneurysms and fibrinoid necrosis (angionecrosis) has been well documented in brains from hypertensive patients and has been found to be a pathological basis of hypertensive cerebral hemorrhage. [25] [26] [27] [28] [29] In the brains of patients with CAA, however, the mechanism for formation of the microaneurysms and fibrinoid necrosis leading to hemorrhage remains unclear.
To elucidate the pathogenesis of the microaneurysms and fibrinoid necrosis in CAA, we performed histological and immunohistochemical studies of such vascular lesions using serial sections of a brain showing evidence of CAA and computer-assisted three-dimensional image analysis. Here we described for the first time the three-dimensional structure of the microaneurysmal 
Three-dimensional Reconstruction of the Vascular Lesions
Three-dimensional images of the vascular lesions showing microaneurysmal dilatation and fibrinoid necrosis were reconstructed from the serial sections. We used the computer-assisted three-dimensional image analysis system OZ (Olympus, Tokyo, Japan).
Immunohistochemical Studies
Immunohistochemical studies were performed on the sections containing aneurysmally dilated vessels with fibrinoid necrosis, using the following primary antibodies: rabbit polyclonal antibody to amyloid f3/A4 protein3"' (dilution, 1:1000), rabbit polyclonal antibody to human cystatin C (a gift from Dr A.O. Grubb, Lund, Sweden)3' (dilution, 1:1000), rabbit polyclonal antibody to human fibrinogen (Dako, Carpinteria, Calif) (dilution, 1:400), and rabbit polyclonal antibody to glial fibrillary acid protein (GFAP) (Dako) (dilution, 1: 400). The antibody to fibrinogen recognizes the epitope shared by both the fibrinogen and fibrin, according to the vender's information. The avidin-biotin-peroxidase complex (ABC) method32 was applied using a Vectastain ABC Kit (Vector Laboratories, Burlingame, Calif). Sections were treated sequentially with the following: 5% normal goat serum in phosphate-buffered saline for 30 minutes at room temperature, the primary antibodies or normal rabbit serum (a negative control) for Observations of the Serial Sections of the Brain Cortical vascular changes were investigated in the 500 serial sections. Microaneurysmal dilatation was observed in 8 cortical arteries. Fibrinoid necrosis of the vessel walls as evidenced by elastica-Masson stain was found in 3 of the 8 arteries.
The microaneurysmal vascular dilatations with fibrinoid necrosis were found in the small cortical arteries. At the point where the arteries perforated the cerebral cortex, the diameters were 40 to 50 ,gm (Fig la) . In the superficial portions of the cerebral cortex, the vessels were heavily coated with amyloid deposits (Fig lb) . The vessel walls were almost totally replaced by amyloid, with loss of elastic lamina and smooth muscle cells of the media, leaving endothelium. Aneurysmal dilatations were located in superficial-to-middle or middle portions of the cerebral cortexes. The vessels showed gradual dilatation with fibrous or hyalinous thickening of the intima. The vessels were dilated up to about 200 gm (Fig lc through le) . Around the portions of maximum dilatation, the thick- ened intima appeared with fibrinoid necrosis (Fig le) . Such intimal lesions were occasionally associated with cellular infiltration, some of which had foamy cytoplasm and appeared to be macrophages. In contrast with the thickening of the intima, the media and adventitia were extremely thinned and frequently disrupted (Fig lc and  ld) . In such vascular segments showing marked dilatation, amyloid deposits were found scattered in rather small amounts or almost absent (Fig lc and ld) . In the vascular segments distal to the maximum dilatation, the diameters of the vessels gradually decreased (Fig le) . At the same time, amyloid deposits appeared again in the entire media and adventitia (Fig le) . After that, when the vessels entered the white matter, the vessels were free of amyloid deposition.
Three-dimensional Reconstruction of Dilated Vessels
To elucidate the structure of the vessels exhibiting aneurysmal dilatation with fibrinoid necrosis, threedimensional images were reconstructed using computer-assisted analysis. A representative image of such vascular lesions is shown in Fig 2. The spindle-shaped microaneurysms were formed within vascular segments involved with amyloid deposits. In the most dilated portions, however, amyloid deposits were sparse or almost absent. The fibrinoid necrosis of the vessel walls was located in the most dilated, middle portions of the aneurysmal lesions.
Immunohistochemical Studies
The aneurysmally dilated vascular lesions were analyzed immunohistochemically (Figs 3 through 5) . Amyloid deposits in the vascular walls strongly reacted with the antibody to f3/A4 protein (Fig 3a) . The f/A4 protein immunostaining also disclosed intense immunoreactivities in perivascular amyloid deposits and senile plaques. In addition, a part of the vascular amyloid appeared labeled with the antibody to cystatin C (Fig 3b) . However, the thickened intima with fibrinoid necrosis was negative for f/A4 protein and cystatin C (Fig 3) . In the walls showing fibrinoid necrosis, fibrinogen-like immunoreactivities were present (Fig 4) . Immunostaining with the antibody to GFAP demonstrated that many GFAP-positive reactive astrocytes surrounded the aneurysmally dilated vascular lesions but not the amyloidladen vessels without dilatation (Fig 5) .
Discussion
In this report, we focused on the pathomechanism by which the CAA-associated vascular changes (ie, microaneurysm and fibrinoid necrosis) develop in brains with CAA. For this purpose, the brain from an autopsied normotensive patient with severe CAA and cerebral lobar hemorrhage was investigated with threedimensional image analysis and immunohistochemical studies.
Our observations using the image analysis system clearly demonstrated that the microaneurysmal dilatations of the cortical small arteries were spindle-shaped and were formed in the middle of amyloid-laden vascular segments (Fig 2) . Amyloid deposition in the vessels was severe, and the media and adventitia were almost totally replaced by amyloid, with loss of elastic lamina and smooth muscle cells of the media. We suggest that such damage to the media resulted in the dilatation of the vessels. The vascular dilatation was always accom- panied by the fibrous and hyalinous thickening of intima, which was probably a reactive change after the medial damage caused by amyloid deposition. Interestingly, in the most dilated portions of the vessels, amyloid deposits in the vascular walls were sparse (Fig lc and Id) . Similar findings have been previously described. [13] [14] [15] [16] [17] [18] [19] [20] Our observations of the serial sections suggested that this sparsity of amyloid would be associated with thinning and disruption of the media and adventitia caused by marked vascular dilatation. Amyloid deposits of the media and adventitia would be secondarily fragmented in the process of the vascular dilatation.
Our results revealed that fibrinoid necrosis occurred in the thickened intima of the most dilated, middle portion of the spindle-shaped aneurysmal lesions (Fig  2) . Deposition of fibrinogen and/or fibrin was demonstrated immunohistochemically in the vascular walls with fibrinoid necrosis (Fig 4) . This (Fig 3b) .
Many GFAP-positive astrocytes were found surrounding the dilated vascular segments (Fig 5) . In contrast, around amyloid-laden vessels without dilatation, there was no significant proliferation of astrocytes, which is consistent with a report by Mandybur.47 Therefore, we suggest that the astrocytic proliferation is reactive to the abnormal vascular dilatation.
Finally, the results have led us to a proposal for the pathomechanism of CAA-related intracerebral hemorrhage (Fig 6) . Amyloid deposits in the media and adventitia of cerebral cortical small arteries damage the vascular smooth muscle cells, resulting in the vascular dilatation; the spindle-shaped vascular dilatation (microaneurysm) is associated with thinning and disruption a. of the media and adventitia and with reactive thickening of the intima; thereafter, vascular integrity is disrupted with or without the contribution of additional factors such as hypertension, followed by invasion of plasma proteins, including proteases (fibrinoid necrosis); and the fibrinoid necrosis of the thickened intima and the disrupted media and adventitia easily induce the development of hemorrhage.
